Key Summary Points {#FPar1}
==================

**Why carry out this study?**This subgroup analysis of a post-marketing surveillance study, which is a regulatory requirement under Japanese Pharmaceutical Affairs Law, investigated the safety and effectiveness of linagliptin over 3 years by renal function in Japanese patients with type 2 diabetes (T2D) in routine clinical care.**What was learned from the study?**No new safety concerns were identified during linagliptin monotherapy for up to 3 years, irrespective of renal function; adverse drug reactions were reported in 6.9--16.2% of patients with varying levels of renal function (grouped by estimated glomerular filtration rate \[eGFR\]).Linagliptin was associated with sustained reductions in glycated hemoglobin across all eGFR subgroups.These findings confirm the long-term safety and effectiveness of linagliptin monotherapy in Japanese patients with T2D in routine clinical practice, regardless of renal function.

Introduction {#Sec1}
============

In 2017, the International Diabetes Federation reported that there were an estimated 7.2 million people in Japan (7.7% of the population) with diabetes and that Japan had the fifth largest diabetes-related healthcare expenditure in the world \[[@CR1]\]. Because type 2 diabetes (T2D) is responsible for the majority of diabetes cases in Japan, management of this disease has been designated a healthcare priority by the Ministry of Health, Labor and Welfare of Japan \[[@CR2]\].

The Japan Diabetes Society recommends monotherapy with an oral antidiabetic drug, insulin or a glucagon-like peptide-1 receptor agonist as first-line pharmacological treatment for T2D \[[@CR3]\]. If monotherapy fails, the recommendation is that combination therapy should be initiated \[[@CR3]\].

T2D is often associated with impaired renal function, defined as an estimated glomerular filtration rate (eGFR) of \< 90 mL/min/1.73 m^2^, which corresponds to chronic kidney disease (CKD) stages 2--5 according to the 2012 Kidney Disease: Improving Global Outcomes (KDIGO) clinical practice guidelines \[[@CR4]\]. T2D is one of the leading causes of end-stage renal disease \[[@CR5]\]. In 2013, diabetic nephropathy was the most common primary disease in patients on dialysis in Japan, with 43.8% of patients starting dialysis due to this condition \[[@CR6]\].

Results from randomized controlled trials have demonstrated that the oral dipeptidyl peptidase 4 (DPP-4) inhibitor linagliptin significantly improves glucose control without causing weight gain or increasing the risk of hypoglycemia \[[@CR7], [@CR8]\]. Impaired renal function can affect the pharmacokinetic properties of drugs that are eliminated primarily through the kidneys, which can in turn affect their safety and pharmacodynamic/pharmacokinetic profiles and necessitate dose adjustments \[[@CR9]\]. Unlike other members of the DPP-4 inhibitor class, linagliptin is mostly excreted via the enterohepatic system and can be prescribed to patients with T2D as a single dose irrespective of kidney function \[[@CR10], [@CR11]\]. These pharmacokinetic qualities support the use of linagliptin in a broad range of patients with T2D, including those with renal microvascular complications, as well as in patients with declining kidney function \[[@CR12]\].

In a 1-year randomized clinical trial conducted in patients with T2D and severe renal impairment, linagliptin provided clinically meaningful improvements in glycemic control with a very low risk of severe hypoglycemia \[[@CR13]\]. The Cardiovascular and Renal Microvascular Outcome Study with Linagliptin (CARMELINA) was designed to evaluate the cardiovascular safety and kidney outcomes of linagliptin in patients with T2D at high cardiorenal risk \[[@CR14]\]. In CARMELINA, linagliptin, when added to standard of care, demonstrated a reassuring long-term kidney safety profile, with a reduction in albuminuria progression in patients with a wide range of renal function levels \[[@CR14]\]. However, to date, no data are available on the safety and effectiveness of the long-term use of linagliptin in Japanese patients with renal impairment in routine clinical care.

Here we present an analysis of the safety and effectiveness of linagliptin therapy for up to 3 years in patients with T2D according to renal function status, based on data from a real-world post-marketing surveillance (PMS) study.

Methods {#Sec2}
=======

Study Design {#Sec3}
------------

This was a subgroup analysis of data from a prospective observational PMS study of linagliptin conducted in Japan (ClinicalTrials.gov identifier: NCT01650259). The study protocol has been described in detail previously \[[@CR15]\]. Briefly, patients with T2D who started linagliptin 5 mg once daily as monotherapy between July 2012 and July 2014 were enrolled from 596 clinical sites and followed for 156 weeks or until linagliptin discontinuation. As a non-interventional study, physicians made all treatment decisions based on their own clinical judgement. Treatment with other glucose-lowering drugs was permitted after enrollment because the study was intended to reflect routine clinical use of linagliptin. The incidence of adverse drug reactions (ADRs) was the primary endpoint, and the change in glycated hemoglobin (HbA1c) from baseline to the last available observation was the secondary endpoint. Other endpoints included eGFR and ADRs of special interest, including hypoglycemia, hypersensitivity, intestinal obstruction, hepatic dysfunction, pancreatitis, skin lesions, pemphigoid, infections, worsening of renal function, pancreatic cancer, cardiac failure and interstitial lung disease. ADRs were defined as adverse events (AEs) for which a causal relationship to linagliptin was definite or probable, or for which such a relationship could not be excluded. AEs were coded using the Medical Dictionary for Regulatory Activities (MedDRA; <https://www.meddra.org/>) version 20.1. Observational points were at baseline and at 12, 26, 40, 52, 64, 78, 104, 130 and 156 weeks after initiation of linagliptin therapy, or at the time of linagliptin discontinuation.

Data Analysis {#Sec4}
-------------

The incidence of ADRs was assessed in the safety analysis set (SAS), which included all patients who received linagliptin monotherapy, with the exception of those for whom there were no data after enrollment. The change in HbA1c from baseline to the last available observation was assessed in the effectiveness analysis set (EAS), which included all patients who were also included in the SAS, except for those for whom there were no effectiveness data and/or who did not have T2D.

Subgroup analyses of the primary and secondary endpoints were performed based on the degree of renal dysfunction, with an eGFR of  ≥ 90 mL/min/1.73 m^2^ defined as group G1, that of ≥ 60 to \< 90 mL/min/1.73 m^2^ as group G2, ≥ 30 to \< 60 mL/min/1.73 m^2^ as group G3, ≥ 15 to \< 30 mL/min/1.73 m^2^ as group G4 and \< 15 mL/min/1.73 m^2^ as group G5.

Change in HbA1c was analyzed using a mixed model for repeated measures approach. Least squares means were computed and then averaged across repeated measures, and their respective standard errors and 95% confidence intervals (CI) were estimated. Baseline, safety and effectiveness data were summarized using descriptive statistics, which included mean and standard deviation (SD), median, minimum, maximum and 95% CI for continuous variables and frequencies and proportions for categorical variables. All statistical analyses were performed using SAS version 9.4 (SAS Institute, Cary, NC, USA).

Ethics {#Sec5}
------

This approach is fully compliant with Japanese Good Post-marketing Study Practice regulations. The protocol for this PMS was approved by the Ministry of Health, Labour and Welfare of the Japanese Government. This study involved the collection of anonymous data from clinical settings and, therefore, it was not necessary to obtain informed consent from patients. All medical institutions who agreed to provide these anonymized data signed a contract with Nippon Boehringer Ingelheim Co., Ltd. or Eli Lilly Japan K.K.

Results {#Sec6}
=======

Patients {#Sec7}
--------

Overall, 2513 patients were enrolled, and case report forms were collected for 2415 patients (Electronic Supplementary Material \[ESM\] Fig. S1). Of these, 2235 patients were included in the SAS and 2054 patients were included in the EAS. Data on eGFR were available for 1953 patients in the SAS and 1830 patients in the EAS. At 156 weeks, 60.9% of patients (*n* = 1470/2415) continued to receive linagliptin, while 36.2% of patients (*n* = 874/2415) had discontinued the study. Reasons for discontinuation included AEs (5.3%, *n* = 127/2415), improvement (4.3%, *n* = 105/2415), lack of efficacy (5.9%, *n* = 143/2415), loss to follow-up (18.0%, *n* = 435/2415) and other reasons (2.7%, *n* = 64/2415). In the overall population, most patients (82.3%) received linagliptin as monotherapy, with no additional glucose-lowering drugs. The median duration of linagliptin monotherapy was 153.7 weeks.

Most patients in the SAS with eGFR data were in group G2 (44.5%); 21.7% of patients were in group G3; 16.9% were in group G1; 2.6% were in group G4; and 1.7% were in group G5 (Table [1](#Tab1){ref-type="table"}). A history of cardiovascular disease was present in 4.2% of patients in stage G1, 13.3% in stage G2, 23.7% in stage G3, 48.3% in stage G4 and 29.7% in stage G5.Table 1Baseline characteristicsBaseline characteristicsG1 (eGFR ≥ 90 mL/min/1.73 m^2^)G2 (eGFR ≥ 60 to \< 90 mL/min/1.73 m^2^)G3 (eGFR ≥ 30 to \< 60 mL/min/1.73 m^2^)G4 (eGFR ≥ 15 to \< 30 mL/min/1.73 m^2^)G5 (eGFR \< 15 mL/min/1.73 m^2^)Unknown (no eGFR data available)Number of patients (%)377 (16.9)995 (44.5)486 (21.7)58 (2.6)37 (1.7)282 (12.6)Sex, *n* (%) Male223 (59.2)571 (57.4)274 (56.4)35 (60.3)24 (64.9)178 (63.1) Female154 (40.9)424 (42.6)212 (43.6)23 (39.7)13 (35.1)104 (36.9)Age, years (mean ± SD)57.6 ± 13.166.5 ± 11.074.0 ± 10.074.8 ± 10.773.1 ± 11.064.2 ± 12.3Age categories, years \[*n* (%)\] \< 65257 (68.2)411 (41.3)80 (16.5)10 (17.2)9 (24.3)135 (47.9) ≥ 65120 (31.8)584 (58.7)406 (83.5)48 (82.8)28 (75.7)147 (52.1) 65--7484 (22.3)332 (33.4)152 (31.3)14 (24.1)10 (27.0)86 (30.5) ≥ 7536 (9.6)252 (25.3)254 (52.3)34 (58.6)18 (48.7)61 (21.6)Body weight, kg *n*3138283864730190 Mean ± SD67.7 ± 14.764.6 ± 14.162.4 ± 12.557.9 ± 12.657.5 ± 14.166.1 ± 13.7BMI, kg/m^2^ *n*2907623584326164 Mean ± SD25.9 ± 4.625.1 ± 4.125.1 ± 3.823.3 ± 3.622.7 ± 3.725.1 ± 4.4Duration of diabetes categories, years \[*n* (%)\] ≤ 1101 (26.8)244 (24.5)84 (17.3)7 (12.1)4 (10.8)61 (21.6) \> 1--573 (19.4)230 (23.1)87 (17.9)8 (13.8)4 (10.8)59 (20.9) \> 5203 (53.9)521 (52.4)315 (64.8)43 (74.1)29 (78.4)162 (57.4)Concomitant diagnosis, *n* (%) No108 (28.7)194 (19.5)43 (8.9)1 (1.7)3 (8.1)83 (29.4) Yes^a^264 (70.0)790 (79.4)432 (88.9)55 (94.8)34 (91.9)189 (67.0)  Hepatobiliary disorder^b^40 (10.6)69 (6.9)31 (6.4)1 (1.7)3 (8.1)20 (7.1)  Hypertension162 (43.0)538 (54.1)348 (71.6)49 (84.5)22 (59.5)115 (40.8)  Dyslipidemia83 (22.0)244 (24.5)116 (23.9)17 (29.3)7 (18.9)31 (11.0)  Hyperlipidemia49 (13.0)163 (16.4)86 (17.7)9 (15.5)3 (8.1)43 (15.2)  Hypercholesterolemia21 (5.6)94 (9.4)49 (10.1)5 (8.6)4 (10.8)25 (8.9)  Hyperuricaemia9 (2.4)65 (6.5)89 (18.3)14 (24.1)5 (13.5)15 (5.3)  Chronic kidney disease2 (0.5)6 (0.6)49 (10.1)22 (37.9)20 (54.1)2 (0.7) Unknown5 (1.3)11 (1.1)11 (2.3)2 (3.5)010 (3.6)Complications of diabetes, *n* (%) Diabetic nephropathy3 (0.8)13 (1.3)24 (4.9)12 (20.7)6 (16.2)2 (0.7) Diabetic neuropathy3 (0.8)3 (0.3)2 (0.4)2 (3.4)03 (1.1) Diabetic retinopathy1 (0.3)4 (0.4)5 (1.0)1 (1.7)03 (1.1)Cardiovascular history, *n* (%) No356 (94.4)852 (85.6)360 (74.1)28 (48.3)26 (70.3)250 (88.7) Yes16 (4.2)132 (13.3)115 (23.7)28 (48.3)11 (29.7)22 (7.8) Unknown5 (1.3)11 (1.1)11 (2.3)2 (3.5)010 (3.6)HbA1c,  %* n*3649714695730239 Mean ± SD8.1 ± 1.87.4 ± 1.27.0 ± 1.06.8 ± 0.97.0 ± 1.27.7 ± 1.6FPG, mg/dL *n*151409177221077 Mean ± SD168.0 ± 63.0148.6 ± 45.7138.4 ± 44.0153.9 ± 68.6170.8 ± 76.2158.1 ± 46.1Prior antidiabetic medication, *n* (%) No349 (92.6)901 (90.6)427 (87.9)49 (84.5)35 (94.6)275 (97.5) Yes28 (7.4)94 (9.5)59 (12.1)9 (15.5)2 (5.4)7 (2.5)  One drug24 (6.4)83 (8.3)48 (9.9)7 (12.1)2 (5.4)7 (2.5)  Two or more drugs4 (1.1)11 (1.1)11 (2.3)2 (3.5)00Duration of linagliptin treatment, weeks *n*3779954865837282 Median (minimum, maximum)154.1 (0.7, 241.0)155.0 (0.6, 221.6)154.1 (1.1, 231.4)79.3 (0.9, 211.6)80.7 (2.3, 198.9)153.2 (2.1, 178.1)*BMI* Body mass index, *eGFR* Estimated glomerular filtration rate, *FPG* Fasting plasma glucose, *HbA1c* Glycated hemoglobin, *MedDRA* Medical Dictionary for Regulatory Activities, *SD* Standard deviation, *SMQ* Standardized MedDRA query^a^Main complications are shown^b^Defined as the presence of one of the following standardized MedDRA queries (SMQs): (1) hepatic disorders (narrow) (SMQ 20000005); (2) biliary disorders (narrow) (SMQ 20000118)

Safety {#Sec8}
------

The incidence of ADRs was 6.9% in group G1 (*n* = 26/377), 11.1% in group G2 (*n* = 110/995), 13.8% in group G3 (*n* = 67/486), 15.5% in group G4 (*n* = 9/58) and 16.2% in group G5 (*n* = 6/37) (Table [2](#Tab2){ref-type="table"}). The incidence of constipation was 0.5% in group G1, 0.9% in group G2, 1.7% in group G3, 1.7% in group G4 and 2.7% in group G5.Table 2Adverse drug reactions that occurred in at least five patients and serious adverse drug reactions that occurred in at least two patientsAdverse drug reactionsG1 (eGFR ≥ 90 mL/min/1.73 m^2^)G2 (eGFR ≥ 60 to \< 90 mL/min/1.73 m^2^)G3 (eGFR ≥ 30 to \< 60 mL/min/1.73 m^2^)G4 (eGFR ≥ 15 to \< 30 mL/min/1.73 m^2^)G5 (eGFR \< 15 mL/min/1.73 m^2^)Unknown (no eGFR data available)Number of patients,*n*3779954865837282ADRs, *n* (%)26 (6.9)110 (11.1)67 (13.8)9 (15.5)6 (16.2)22 (7.8) Diabetes mellitus8 (2.1)17 (1.7)9 (1.9)001 (0.4) Diabetes mellitus inadequate control5 (1.3)5 (0.5)2 (0.4)001 (0.4) Hyperuricemia2 (0.5)5 (0.5)4 (0.8)000 Constipation2 (0.5)9 (0.9)8 (1.7)1 (1.7)1 (2.7)0 Hypertension1 (0.3)10 (1.0)0002 (0.7) Hepatic disorder2 (0.5)5 (0.5)01 (1.7)03 (1.1)Serious ADRs, *n* (%)016 (1.6)12 (2.5)5 (8.6)02 (0.7) Cerebral infarction02 (0.2)2 (0.4)000 Sudden death02 (0.2)0000 Death01 (0.1)2 (0.4)000*ADR* Adverse drug reaction

Cardiac ADRs occurred in ten patients (1.0%) in group G2, seven patients (1.4%) in group G3, one patient (1.7%) in group G4 and one patient (2.7%) in group G5.

Hypoglycemia was reported in two patients (0.2%) in group G2 and one patient (0.2%) in group G3 (ESM Table S1).

In the entire population of patients for whom eGFR data were available, the mean ± SD eGFR was 70.89 ± 24.21 mL/min/1.73 m^2^ prior to the initiation of linagliptin therapy (*n* = 1770) and 68.43 ± 26.51 mL/min/1.73 m^2^ at the last observation (*n* = 1577). The mean ± SD change in eGFR from baseline to the last observation was − 1.91 ± 17.14 mL/min/1.73 m^2^. Renal function remained stable during the study period in all eGFR groups (Fig. [1](#Fig1){ref-type="fig"}).Fig. 1Mean estimated glomerular filtration rate (*eGFR*) by eGFR group (*G1--G5*) during the study. Error bars show the standard deviation. *EOT* End of treatment

Effectiveness {#Sec9}
-------------

A decrease in HbA1c over time was observed in all eGFR groups (Table [3](#Tab3){ref-type="table"}; Fig. [2](#Fig2){ref-type="fig"}). The mean change in HbA1c from baseline to the last observation was − 1.11% (SD 1.76, 95% CI − 1.29 to − 0.92) in group G1, − 0.64% (SD 1.09, 95% CI − 0.71 to − 0.57) in group G2, − 0.35% (SD 0.96, 95% CI − 0.44 to − 0.26) in group G3, − 0.46% (SD 0.90, 95% CI − 0.71 to − 0.21) in group G4 and − 0.54% (SD 0.80, 95% CI − 0.85 to − 0.23) in group G5 (Fig. [3](#Fig3){ref-type="fig"}).Table 3Change in mean glycated hemoglobin from baseline to Week 26 and Week 156/end of treatmentHemoglobin statisticsG1 (eGFR ≥ 90 mL/min/1.73 m^2^)G2 (eGFR ≥ 60 to \< 90 mL/min/1.73 m^2^)G3 (eGFR ≥ 30 to \< 60 mL/min/1.73 m^2^)G4 (eGFR ≥ 15 to \< 30 mL/min/1.73 m^2^)G5 (eGFR \< 15 mL/min/1.73 m^2^)HbA1c at Week 26 Number of patients,*n*2997923864228 Mean ± SD change from baseline, %− 1.29 ± 1.66− 0.71 ± 1.00− 0.31 ± 0.94− 0.42 ± 0.73− 0.34 ± 0.71 95% CI, %− 1.48, − 1.10− 0.78, − 0.64− 0.40, − 0.21− 0.64, − 0.19− 0.61, − 0.06HbA1c at Week 156/EOT Number of patients,*n*1875402501112 Mean ± SD change from baseline, %− 1.14 ± 1.67− 0.62 ± 1.01− 0.37 ± 0.88− 0.39 ± 0.91− 0.79 ± 0.73 95% CI, %− 1.38, − 0.90− 0.70, − 0.53− 0.48, − 0.26− 1.00, 0.22− 1.25, − 0.33*CI* Confidence interval,*EOT* End of treatmentFig. 2Adjusted mean glycated hemoglobin (*HbA1c*) over time by eGFR group during the study. Mixed model for repeated measures analysis was performedFig. 3Mean HbA1c at baseline, Week 26 and Week 156/EOT

Discussion {#Sec10}
==========

This subgroup analysis examined the safety and effectiveness of long-term linagliptin therapy according to renal function.

In the present PMS study, 26% of patients had an eGFR of \< 60 mL/min/1.73 m^2^ (groups G3--G5) and 4.3% had an eGFR of \< 30 mL/min/1.73 m^2^ (groups G4 or G5). This finding is consistent with a previous analysis of Japanese patients with T2D who were on DPP-4 inhibitors (*n* = 162,116), in which there were more patients with an eGFR status of G4 or G5 on linagliptin (26%) than on any other DDP-4 inhibitor (2--14%) \[[@CR16]\].

In the present analysis, the incidence of ADRs in patients on linagliptin ranged from 6.9 to 16.2% during the observation period, with fewer ADRs observed in patients whose renal function was less impaired. Likewise, in pooled analyses of randomized controlled trials, the incidence of ADRs with linagliptin was highest among patients with an eGFR of \< 60 mL/min/1.73 m^2^ (groups G3--G5) \[[@CR17]\], and this incidence remained similar to that observed in patients who received placebo \[[@CR17], [@CR18]\].

Approximately 50% of patients with T2D globally also show some evidence of CKD; CKD is also one of the strongest risk factors for cardiovascular events \[[@CR19], [@CR20]\]. In patients with T2D, reduced renal function is associated with an increased risk of cardiovascular events, such as cardiovascular death, nonfatal myocardial infarction and nonfatal stroke \[[@CR21]\]. In CARMELINA, the addition of linagliptin to standard of care was shown to be non-inferior to the addition of placebo for time to first occurrence of cardiovascular death, non-fatal myocardial infarction or non-fatal stroke (3P-MACE) in patients with a wide range of eGFR levels over a median of 2.2 years \[[@CR14]\]. In the present study, the incidence of cardiac ADRs increased with worsening renal impairment, ranging from 1.0% in group G2 to 2.7% in group G5. The proportion of patients with a history of cardiovascular disease at baseline also tended to be higher in those with more severe renal impairment.

The risk of hypoglycemia is increased in patients with an eGFR of \< 60 mL/min/1.73 m^2^ (groups G3--G5) for a variety of reasons, including longer duration of action of some glucose-lowering agents (e.g. sulfonylureas and insulin), caloric deprivation and the scarcity of gluconeogenic precursors that occurs with declining renal function \[[@CR22]\]. In the present study, the incidence of hypoglycemia was low (two patients \[0.2%\] in group G2 and one patient \[0.2%\] in group G3). There appeared to be no correlation between the incidence of hypoglycemia and renal dysfunction, but this could be due to the low numbers of patients in groups G4 (*n* = 58) and G5 (*n* = 37) in this study.

Across all renal function groups, eGFR remained stable throughout the entire 3-year study period. These results are in line with those of previous randomized, placebo-controlled studies of linagliptin \[[@CR13], [@CR23]\], although these earlier randomized studies were of shorter duration (1 year) than this PMS study (3 years).

The present study also showed that reductions in HbA1c were maintained throughout the 3-year treatment period regardless of renal function. The magnitude of the mean reductions in HbA1c tended to be numerically greater in eGFR groups with higher HbA1c at baseline, although no statistical comparison was undertaken.

This study has a number of limitations. Firstly, all findings were summarized using descriptive statistics, and no statistical tests were performed as this was a PMS study requested by the Japanese Pharmaceuticals and Medical Devices Agency to confirm the safety of linagliptin in routine clinical practice \[[@CR15]\]. Secondly, this was a single-arm study that was not designed to compare the safety and effectiveness of linagliptin with any other intervention. Lastly, analyses to control for potential confounding factors during linagliptin therapy, including the use of concomitant drugs and alterations to diet and exercise, were not performed. These limitations are shared with the primary analysis \[[@CR15]\] and result from the fact that this study was conducted in the real-world setting.

Conclusion {#Sec11}
==========

The findings of this subgroup analysis are important in that they confirm the safety and effectiveness of long-term linagliptin therapy in Japanese patients with T2D by renal function in routine clinical practice. No new safety concerns were identified, and linagliptin was associated with sustained improvements in glycemic control regardless of renal function.
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